tions from small springs and rare flood events. Currently, the only two water sources at the starting point 
3 to gaseous N 2 or in the water column along the Lower Jordan River via N 2 O [Jones, 1985; Sain et al., 1977; Seitzinger et al., 2002; physical, chemical, and isotopic analyses and solutions Master et al., 2003] ). Mixing with water from external of the mass transport equation. This combined approach sources (e.g., surface runoff, tributaries, and ground waimproves the ability to identify the sources and to quanter infiltration) can also affect the in-stream nitrogen tify the transformations of nitrogen compounds along cycle. the river.
The Jordan River was recognized as a unique aquatic The Lower Jordan River is a damaged ecosystem. It ecosystem and its future management was addressed by is located in the semiarid area of the Jordan Valley the Israel-Jordan peace treaty (Governments of Israel along the Israel-Jordan border (Fig. 1) . The river has and Jordan, 1994) . Beyond its religious and historical been altered dramatically in the last several decades.
significance, and despite its low water quality, the JorWater quantity has decreased from about 1300 ϫ 10 6 dan River gained the attention of the peace treaty since m 3 yr Ϫ1 to a mere 100 to 200 ϫ 10 6 m 3 yr Ϫ1 (Salameh it serves as a secondary water resource, mainly for irrigaand Naser, 1999). The historical tributaries included the tion and fishpond recharge, for both Israel and Jordan. Sea of Galilee (540 ϫ 10 6 m 3 yr Ϫ1 ), the Yarmouk River A better understanding of the riverine environment is (480 ϫ 10 6 m 3 yr
Ϫ1
), and local streams and runoff (Hof, required for the implementation of the peace treaty, in 1998). Since the implementation of water supply projwhich the two countries jointly agreed to improve the ects in Israel, Jordan, and Syria, the Sea of Galilee and ecological sustainability of the river system. To provide the Yarmouk River are blocked and no fresh surface some of the needed information, a joint Israeli-Paleswater flows into the river except for negligible contributinian-Jordanian project is currently underway (Shavit et al., 2002; Farber et al., 2004) , investigating water M. Segal-Rozenhaimer, U. Shavit, R. Holtzman, and A. Shaviv, Faculty quantity and quality of the Lower Jordan River. nonpoint ground water source enters the river, modithis paper we investigate the riverine nitrogen cycle along the upper (northern) section of the Lower Jordan fying the river water chemistry. The nature of the nonpoint source was investigated and the results are reRiver. It was found that the most significant variations of nitrogen compounds occur along this section. Based ported in Farber et al. (2004) and Holtzman (2003) . In
In the discussion we distinguish between three different segon geochemical and mass balance studies, new informaments in the northern part of the Lower Jordan River, 5 to tion about the nitrogen sources and transformations 20 km from the Sea of Galilee. Figure 1 shows the boundaries within the Lower Jordan River is provided. of these segments: Dalhamiya to Gesher (N1), Gesher to Nave Ur (N2), and Nave Ur to Hamadiya (N3). (Efrat, 1996, p. 237-242, 245-251) . The aerial length of the represent the hot, dry summer when both evaporation and river is 100 km, while the true length as the river flows is irrigation become more significant. Surface water was sampled about 200 km (Tahal, Israeli Water Division Office, Israeli usually in the middle of the Lower Jordan River and its tribuOffice of National Foundation, TAHAL-Consulting Engineertaries from bridges or the banks. Electrical conductivity, water ing LTD, personal communication, 2000) . Our study focuses temperature, pH, turbidity, and dissolved oxygen were meaon the northern part of the river, from Alumot dam (Site 3 sured in the field. in Fig. 1 ) to the station at Shifa (Site 30). The land on both Water samples were stored at 4ЊC before chemical analyses, sides of the river is used for agriculture [e.g., date (Phoenix which were conducted within 72 h after sampling. All water dactylifera L.) plants] and fishponds. Tributaries to the river samples were filtered through 0.45-m Millipore (Billerica, consist of natural streams and artificial canals (e.g., agricultural MA) membranes. Nitrate and nitrite concentrations were deand fishpond drainage), which are characterized by significant termined using an automated spectrometric cadmium reducfluctuations in seasonal flow and chemical compositions.
MATERIALS AND METHODS
tion method using a QuickChem 8000 analyzer (Lachat, Milwaukee, WI) (Eaton et al., 1995, p. 4-88) . Ammonium was
Sampling and Analytical Procedures
determined by an automated spectrometric method with sodium salicilate and hypochlorite using the same instrument Samples include river water sampled along the Lower Jor- (Eaton et al., 1995, p. 4-81) . Measurements of total nitrogen dan River, its tributaries, fishponds, agricultural drainage canals, and leachates from soil adjacent to the river (Table 1) .
contents were obtained by converting all N compounds to prior filtration (Thomas et al., 1967) , and subsequent determination of inorganic ammonium concentrations. Precision of Accuracy and precision of the measurements were assured the nitrogen compound analysis was Ϯ5% based on standard by repeated analyses of laboratory internal and international calibration. Total organic carbon (TOC) was measured using reference materials such as IAEA-NO-3, which had a mean unfiltered samples analyzed by a TOC 5000A organic carbon ␦
18
O (NO 3 ) value of ϩ23.0 Ϯ 0.7‰ (n ϭ 12). The reproducibilanalyzer (Shimadzu, Kyoto, Japan). All determinations of C ity of nitrate extraction, gas preparation, and mass spectrometand N concentrations were performed in the Technion laboraric measurement was found to be better than Ϯ0.8‰ for ␦
O tories, Haifa, Israel. Sulfate and chloride concentrations were (NO 3 ), as determined by duplicate analyses. determined at the Geological Survey of Israel using ion chromatography.
RESULTS AND DISCUSSION

Flow Rate Measurements
Our study shows that the Lower Jordan River con- 
Isotopic Analyses
One to two liters of water were collected for the determination of the isotopic composition of nitrate (␦ 15 N and ␦
O).
Filtered water samples were passed through a cation exchange resin (2 mL of 50W-X4, H ϩ form; Bio-Rad Laboratories, Hercules, CA) and subsequently through an anion exchange resin (2 mL AG 1-X8 resin, Cl Ϫ form; Bio-Rad Laboratories) at a rate of 5 mL min Ϫ1 . The anion exchange resins containing the nitrate were stored at 4ЊC in darkness until further processing in the Isotope Science Laboratory at the University of Calgary, Alberta, Canada. Nitrate was eluted and converted to AgNO 3 using a procedure published by Silva et al. (2000) with modifications described by Mayer et al. (2002) . Approximately 1 L of water was collected for determination of nitrogen isotope ratios of ammonium (for January 2002 samples only). Samples were filtered and processed based on the techniques described in Lehmann et al. (2001) and Velinsky et al. (1989) . Nitrogen isotope ratios of nitrate and ammonium are given in the usual ␦ notation: N is the isotope ratio in the sample and in atmospheric N 2 (used as the reference standard), respectively. Nitrogen isotope ratios were determined on N 2 after thermal decomposition of the sample material in an elemental analyzer (NA 1500; Carlo Erba, Milan, Italy) and subsequent continuous-flow isotope ratio mass spectrometry (IRMS). The ␦ 15 N values for all samples were calibrated against international reference materials (IAEA N1 and N2). The reproducibility of nitrate and ammonium extraction, gas preparation, and mass spectrometric measurement was better than Ϯ0.3‰ for all ␦ 15 N determinations. Measurements of oxygen isotope ratios in nitrate were conducted on CO gas after pyrolysis of AgNO 3 in a Finnigan MAT the usual ␦ notation: (Site 2) are the main contributors of ammonium and segments: Dalhamiya to Gesher (N1), Gesher to Nave organic N to the river system (Table 3) . Our analysis Ur (N2), and Nave Ur to Hamadiya (N3). In most cases, shows that the Bitania inflow contains 50 to 194 mg N the known monitored nitrate fluxes from the surface L Ϫ1 of total nitrogen, mostly as ammonium (Ն50% of tributaries were insufficient to explain the variations of total N) and TOC of 75 to 187 mg C L Ϫ1 . The pH values nitrate concentrations observed along the river (Table 3) . along the river were around 8 and water temperature For example, in April 2001, the nitrate concentration varied between 20 and 30ЊC. The range of dissolved in Canal 81 (Site 9) was similar to that in the Jordan oxygen along Segments N1, N2, and N3 was 3 to 6 mg River, but nitrate concentrations continued to rise after L
Ϫ1
, with little variation as a function of depth within the confluence (Fig. 2b) . In March 2001, the nitrate the water column. The ammonium concentrations found concentration in Canal 81 was higher than that in the in Bitania (49 to 82 mg N L Ϫ1 ; Table 3 ) are similar to Jordan River (Table 3) , but no change of nitrate concenthose of poorly treated sewage water (Feigin et al., 1991, trations was observed in the river. Similarly, the high p. 28, 62). Despite mixing with the Saline Water Carrier, nitrite concentrations measured along the river cannot high ammonium concentrations varying between 11 and be explained by surface inflows (Fig. 2c) . 12 mg N L Ϫ1 were measured at the starting point of the river (at Alumot, Site 3, downstream from the mixing Tables 2 and 3 show that most that nitrate concentrations in February through April of the variations in the concentrations of nitrogen comwere generally higher than those in the summer months pounds and in their isotopic compositions occur along of June and August.
We conducted mass-balance calculations along three Segments N1 and N2. While nitrate concentration in- creases (Fig. 2b) , ammonium decreases (Fig. 2a) (Fig. 3a) .
creased markedly from 15.8‰ at 1.3 km to nearly 40‰ Figure 3a shows that the source waters of the Lower at 8.5 km. Figure 3b shows that ␦ (Tables 2 and 3) were (NH 4 ) values are typically associated with isotopic enattributed to the discharge of a nonpoint source. This richment due to nitrification and due to fractionation nonpoint source enters the river through the local shalcaused by gaseous losses such as volatilization (Kendall, low aquifer, which is influenced by agricultural return 1998; Heaton, 1986). The ␦ 15 N values of ammonium in flows. Following our observation that the geochemical the source waters (Table 3 ) and in the river (Fig. 3a, signature of water from the Yarmouk River (Site 7, Table 2 ) varied between 8 and 11‰ in the former to 16 It was also observed that in co-existing nitrate concentration as measured in the Jordan River, in the and ammonium, the ammonium ␦
N composition was
Yarmouk River, and in other possible inflows (recall consistently more enriched. Indeed, the most enriched that the discharge of these other inflows is too small to ␦ 15 N (NH 4 ) values where found in samples with the lowsignificantly affect the river). Many of the river samples est ammonium concentration, consistent with the Rayfollow a general mixing line between the river source leigh distillation process. In fact, we observed the highest (Point A) and the Jordan River water near Shifa (point ␦ 15 N (NH 4 ) value where the ammonium concentration B, downstream). The Yarmouk samples, which are found was at its lowest level (see Table 2 ). along this line, are characterized by higher nitrate conThe variations in ammonium and nitrate concentracentrations and higher ␦ 15 N (NO 3 ) values than those of tions and nitrogen isotope ratios along the river (as the river source waters. However, they have lower nishown in Fig. 2a and 2b ) support our mechanistic explatrate concentrations and lower ␦ 15 N (NO 3 ) values than nation that nitrification is a predominant process along the Jordan River water at Shifa (Point B). This demonSegments N1 and N2. However, along Segment N3 strates that, although mixing provides a possible expladownstream from Site 11 (and to some extent along nation for the trend shown in Fig. 4 , it is not the only Segment N2), the concentration of ammonium is often mechanism. We therefore suggest that a combination of mixing (between river water and the nonpoint source) too low to provide a complete explanation for the con- The following steady-state transport equations provide a first approximation for the concentration of amprovides the best explanation for the trends shown in Fig. 4 . monium (A) and nitrate ϩ nitrite (N) in the river water:
Although denitrification in natural systems may provide an explanation for increasing ␦ ), ⌫ is the net rate of ammonium (NO 3 ) (Fig. 4) (2003) . Where necessary, flows from canals and streams nate the possibility of denitrification in the water column were lumped into the segment input and output. The but provide no indication about denitrification in the inflow term, ␤, is equal to the product of the nonpoint river sediments.
source total discharge, Q j , and the concentration of ammonium or nitrate ϩ nitrite, C j , per unit volume. Hence, Other Possible Nitrogen Transformations ␤ ϭ Q j C j /AL, where L is the segment length and A is Mineralization generates ammonium at the source of the average cross-sectional area of the river. Note that the Jordan River. Its role along other river segments the chemical composition of water from the nonpoint varies as a function of organic nitrogen content and source is the end result of the complex transformations environmental conditions such as temperature, pH, and that occur along its flow path from its sources to the dissolved oxygen.
river. The effect of evapotranspiration is small (HoltzNitrogen losses to the gas phase may affect the nitroman, 2003) and was therefore neglected. gen concentration in the river. It is also known that Nitrification in shallow streams (0.06-3 m) with low rivers with high N concentration release significant mean velocities (approximately 0.1 m s
Ϫ1
) and continuamounts of N 2 O into the atmosphere through nitrificaous loads of unoxidized nitrogen is commonly described tion and denitrification (McMahon and Dennehy, 1999;  by a first-order reaction model (McCutcheon, 1987) . Cole and Caraco, 2001) , and therefore, N 2 O emissions Since these are the characteristics of the Lower Jordan should not be disregarded. Freney et al. (1983) showed River, ⌫ was expressed as: that the equilibrium ratio of ammonia to ammonium is
[4] about 1:10 when the pH is around 8. As this is the pH where k A is a rate constant (d Ϫ1 ). we have measured along the Jordan River, losses due
Holtzman (2003) obtained detailed water and solute to ammonia volatilization are likely to occur. The volamass balances for the three river segments. When intilization of ammonia from the river water, which is cluding all known inputs and pumping rates and assuring already isotopically enriched due to nitrification, results a nearly steady state condition, the additional nonpoint in further isotope enrichment of the remaining ammowater source was quantified. It was shown that the river nium because of the fractionation associated with the mean velocity under steady state conditions increases volatilization process.
with distance due to the nonpoint water source. Assuming a uniform distribution of the nonpoint water source
Nitrogen Mass Balance
within each segment, V is approximated as: Interpretation of the geochemical and isotopic data revealed that mixing and nitrification are the most sig-
[5] nificant processes affecting nitrogen compounds in the water column of the Lower Jordan River, and that minwhere Q in (m 3 s
Ϫ1
) is the river discharge at the segment eralization and gaseous losses (e.g., NH 3 , N 2 O or N 2 ) input and Q j is the nonpoint source discharge. should also be considered. In the following, we use the transport equation to delineate and quantify the mechaSegment N1 nisms that govern the nitrogen budget in the Lower Jordan River. Since the influx of water from nonpoint Our measurements show that the discharge of the nonpoint source along Segment N1 is less than 10% of sources is not uniformly distributed, solutions were obtained separately for each river segment.
the river discharge, and therefore negligible (Holtzman, nitrite concentrations at Dalhamiya (Site 6), and the flux, V, is constant and equal to the flow rate at DalhamThe concentration of sulfate, which was nearly constant iya (Table 2) divided by the mean cross-sectional area.
along Segment N1 (Table 2) , increased along Segment The rate constant, k A , was calculated by solving implic-N2. Sulfate is considered a conservative ion under the itly Eq. [6], where ␣ was obtained by combining Eq. [6] oxidative conditions of the river (Lindsay, 1979, p. 281-and [7] and using the concentration boundary condition, 297; Cortecci et al., 2002) . The calculation of the dis-C A out and C N out , at the segment exit (Gesher, Site 8), accharge from the nonpoint source was determined based cording to:
on the assumption of mixing between two water bodies (e.g., Herczeg and Edmunds, 1999) , and that the sulfate
concentration of the nonpoint source is identical to that of the Yarmouk River, Site 7. The calculation revealed Table 4 lists the calculated nitrification rate constants, that the discharge of the nonpoint source water into the k A , for the respective sampling months. Its average value river was 30, 22, 6, 21, and 27% of the total river flow is 0.38 Ϯ 0.21 d Ϫ1 (n ϭ 5). The analytical solution is (measured at Nave Ur north, Site 11) during February, sensitive to the average cross-sectional area; the reMarch, April, June, and August 2001, respectively. ported results were obtained for an averaged cross-secThe analytical solutions of Eq.
[2] and [3] for N2 and tional area of 30 m 2 . Higher cross-sectional areas reduce N3 assume that the nitrification rate coefficient, k A , is the value of k A and vice versa. The results shown in the same as the coefficient found in N1. This assumption Table 4 are within the range of values found in other seems justified because environmental conditions such polluted riverine systems such as the Chattahoochee as temperature, pH, and dissolved oxygen are uniform River (Stamer, 1979; Miller and Jennings, 1979) , Peachalong these river segments. The ammonium concentratree Creek, and sewage effluent water (McCutcheon, tions in the surface tributaries were low or zero at all 1987), which yielded k A values in the range of 0.25 to times (Table 3 ). Since ammonium is considered immo-0.5 d
.
bile in soils, we assumed that ␤ A is zero. Using these The rate of nitrate production by nitrification, ⌫, was assumptions, the longitudinal distribution of ammocalculated for the N1 segment using Eq. [4] and [6] . As nium is: shown in Table 5 , both ⌫ and ␣ values are positive (except for ␣ in August 2001). These results show that nitrifica-C
[9] tion is the predominant process responsible for the increasing nitrate concentrations in the Lower Jordan
The average rate of net ammonium production (minRiver along Segment N1. The negative ␣ value in Aueralization minus gaseous losses) is: gust may indicate that gaseous losses became dominant. inorganic N forms show a trend different from N1 and N2 with increasing nitrate concentrations while ammo-
nium concentrations remained generally low ( Fig. 2a  and 2b ). The ␦ 15 N (NO 3 ) values were nearly constant. where the integral I is solved numerically using V(x)
As shown in Fig. 1 
into the river and were therefore excluded from the mass balance calculation. The ammonium flux from the Table 5 shows that the rate of nitrification, ⌫, in N2 nonpoint source, ␤ A , was considered zero. Table 5 shows is positive, but lower than in N1. This is consistent with that ⌫ values were smaller than in N1, indicating that the trends in ammonium and nitrate concentrations as the net contribution of nitrification is less dominant presented in Fig. 2a and 2b N, an interpretation that irrigation and fertilization is typical in the agricultural is consistent with the high ␦ 15 N (NO 3 ) values found for fields in the vicinity of the Lower Jordan River toward the Yarmouk River water and other agricultural return the end of the rainy season (around April). The high flows. Mass balance calculations for June were not obnitrate ϩ nitrite concentrations in the subsurface water tained due to the observed decrease in nitrate concensource in April may result from agricultural return flows trations (Fig. 2b) and the low subsurface flux. The insigoriginating from the fields adjacent to the river. Year nificant changes in the riverine nitrate concentrations 2001 was a dry year. As a result, the irrigation quota (Fig. 2b ) and the limited agricultural activity in the sumwas significantly curtailed and field cultivation during mer explain the nearly zero ␤ N for samples obtained in the summer was reduced. The relatively low nitrate conAugust 2001. centration in the subsurface water source in June may reflect these changes. Fig. 3a support the finding that the nitrate isotopic data identified the predominant N transformaconcentration in the subsurface source was low during tion processes, which were then quantified by the analytthese two months. A mass balance calculation was not ical solutions. performed for August samples due to the observed deChemical and isotopic analyses of the river water crease in nitrate concentrations along N2 (Fig. 2b) 
